
Theoretical Aspects of Specific and Non-specific 
Equilibrium Binding of Proteins to DNA as Studied by the 

Nitrocellulose Filter Binding Assay 

Co-operative and Non-co-operative Binding to a One-dimensional Lattice 

The analysis of equilibrium binding isotherms obtained by methods such as the 
rrit~rocellulosr filter binding assay, which measure the fraction. 0. of DNA to which 
at least one protein molecule is bound. as a function of the free protein 
concentration (LF) require a different type of theoretical framework from that 
required for analysis of conventional equilibrium binding data, in which the 
number of moles of protein bound per mole of DNA. 0,. is measured as a function of 
I,,. The theoretical framework required to analyse equilibrium binding data 
generated by measuring B(L,) is developed for ro-operative and nowco-operative 
binding of a protein to a large number of nowspecific sites and to a specific sites(s) 
iu t,he presence of a large number of non-specific sites on a US,4 molecule. The 
theory is simple to apply, equations for B(L,) being easy to derive and evaluate, and 
is suitable for least-squares analysis. Two examples of the application of the theory 
to the analysis of experimental data are provided for the specific and nowspecific 
binding of the EcoRI restriction endonuclease to bacteriophage h DR’A, and for the 
spe’cifk and non-specific binding of the enzyme dihydrofolate reductase from 
Lactohacillus casei to pBR322 and pWDLcB1 DNA, the latter differing from the 
former only in a 2.9 x 10’ base-pair insert containing the I,. casri dihydrofolate 
reductase structural gene. The theoretical and experimental advantages and 
disadvantages of measuring B(L,) rather than B,(L,) are discussed. 

1. Introduction 
I):;&protein interactions play a central role in the regulation of gene expression. 

Thus, an understanding of the mechanisms involved in gene regulation will require 
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a detailed knowledge of the equilibrium. kinetic and st,ructural aspects of the 
interactions of D?\‘A with DNA-binding proteins, As a prelude to detailed 
molecular investigations of a particular DS,d-~protein interaction. it is usual to 
examine the equilibrium aspects of this interacation. In general. protein-I>N,\ 
interactions may be classified as “specific” and “nor)-specific” (\-on Hippel & 
McC:hee. 1972). based 011 the difference in affinity of t,he protein for one or a fe\\ 
sites 011 a DSA molecule relative to the affinity of the protein for any site 011 the 
I)N;\. A number of proteins. such as histones. basic polypeptides and all melting 
proteins, bind only non-specifically and show littale or no base sequence preference. 
However. there also exist’s a group of proteins such as the 1~ and A repressors. CI‘O 
protein and most of the restrict,ion endonucleases \vhich. in addit,ion to binding 
norl-specifically to DXA. :h 5 ow varying degrees of affinity fat. particular base 
seque11cex. 

In the case where only non-specific binding has been examined. most studies 
reported in t,he lit,erature have involved measuring the number of moles of protein 
bound per mole of Dll’A. tic. as a function of the free prot,ein concentration. This is 
the standard approach for studying the equilibrium binding of a ligand to a 
macromoleenle (Cantor R Schimmel. 1980). H owever’. in the case of I>N\‘A-protein 
intera&ions. this approach is complicat,ed by the problem of overlapping sites on 
the DNA (t,hat is to say. the protein corers more than 1 base-pair on the 1)S.A). 
Serertheless, appropriate t,heoretical frameworks have been developed to deal with 
the co-operative and noI1-co-operative binding of a ligand (e.g. a prot,cin) to a 
homogeneous one-dimensional lat,tice (MtGhee & van H ippel. 1971: Schellman. 
1974: Schwarz. 1977; Epstein. 1978). These approaches can be extended with 
relative ease in the rioti-co-ol)erati\e case to the introduction of certain limited 
degrees of heterogeneit?-, such as the existence of one or a few specific sites. 
However. in the presence of co-operativity. the equations become extremely 
involved. and analysis soon becomes int,ractable. 

In contrast to the studies of noll-specific binding. most studies on the binding of 
prot,eins to specific sites on DNA have involved measuring the fraction. 8. of DNA 
to which at least one protein molecule is bound as a funttion of the free protein 
concentration, The main experimental method that has been used is the 
nitrocellulose filter binding assay in which DNA\. to \r,hich at least one protein 
molecule is bound, is retained by the filter whereas free DSA passes t,hrough it 
(Riggs et 01.. 1970: Hinkle & Chamberlin. 1972). Another method that has been 
developed recently is the immunoprecipitation assay (McKay, 1981) in which USA. 
t,o which at least one protein molecule is bound. is separated from free DNA by 
immunoprecipitation with an antibody raised against t,he protein. Roth methods 
involve labelling the DSA radioactively. A consryuenre of measuring 19 inst,ead of 
8, as a function ofthe free protein concentration (LF) is that t,he standard equations 
in the literature for 8&C,) (McGhee & von Hippel. 1974: Poland, 1978: Cantor 6~ 
Schimmel. 1980) are inappropriate for t,he analysis of the equilibrium binding 
isotherms generated by measuring B(L,). except, in the special case where there 
exists only a single sitr on the DNA molecule to which t,he protein can bind or where 
such an approximation is valid (as. for example. in the case of the 2ac repressor 
binding to lac operator: Riggs et 01.. 1970). Although some att’empts to deal with 
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this problem have been made (Hinkle & Chamberlin, 1972 : Giacomini, 1976,1979 : 
Bailey. 1979 : Strauss et al., 1980), these have been incomplete as they are only valid 
in the absence of co-operative binding and in the absence of any significant 
heterogeneity. such as a single specific site of high affinity in the presence of a large 
number of non-specific sites. Consequently. the use of such treatments is 
inappropriate for the analysis of the vast majority of experimental equilibrium 
filter binding data, a point that many experimental workers seem to be unaware of. 

In this paper. we develop the general theoretical framework required for the 
direct analysis of equilibrium binding isotherms generated by measuring Q-4,) for 
the co-operative and non-co-operative binding of a protein to a large number of 
nonspecific sites and to a specific site(s) in the presence of a large number of non 
specific sites on the DNA. In all cases, the equations for B(L,) are easy to derive and 
evaluate. and are suitable for least-squares analysis of experimental data. The 
application of the theory is illustrated by two examples of the analysis of 
experimental ryuilibrium filter binding data: the first for the specific and non- 
specific binding of the EcoRI restriction endonuclease to bacteriophage h DSX. and 
the second for the specific and nonspecific binding of the enzyme dihydrofolatr 
reductasc from Lactobacillus casri to pBR322 and pWDLcB1 DNA, the latter 
differing from the former only in a 2.9 kb? insert containing the L. casri 
dihydrofolate reductase structural gene. 

2. Theory of Equilibrium Filter Binding 

As applied to DKA-prot,ein interactions. the experimental parameter monitored 
by the nitrocellulose filter binding assay and the immunoprecipitation assay is the 
fra,etion. 8. of DNA to which at least one protein molecule is bound, defined by: 

0 = ID~A,,,,,l/[DN-~,,,,IJ 
= (2-1)/Z. (1) 

where % is the binding polynomial as defined by Wyman (1967): i.e. the sum over 
all the states of DNA binding to protein. The expression for 0 (eqn (1)) contrasts to 
the expression for the number of moles of protein bound per mole of DNA. tic. 
which is the parameter conventionally measured in equilibrium binding studies 
using other physico-chemical techniques. and given by : 

where the ligand L is the proteiii. 
In the following sections. expressions for the binding polynomial 2, derived on 

t,he basis of the standard probability theory. are given for those cases of greatest 
general interest in the field of protein-DNA interactions : namely. co-operative and 

t .4bbrrviations used: kb. 103 bases or base-pairs where appropriate: DHFRase. dihydrofolatr 
redurtasie. 
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nott-co-operative equilibrium binding of a protein to a large number of non-specific 
sites, and to a specific site(s) in the presence of a large number of non-specific sites. 

(a) AVon-spec(fic birdirq oj 0 pwtrin to Il;VA 

I f  there are 3 independent nott-overlay)pittg protein binding sites of equal 
intrinsic affinity on the DNA. Z will be given by: 

i = .\ s 
a=1 . 

0 
K’Z,; = (1 + KL,).‘. 

i=() I 
(3) 

where L, is t,he free prot,ein concentration. K the intrinsic association constant for 

t,he binding of the protein to one site on the I)r\‘A. and 
K 

0 i 
is the binomial 

coefficient given by N !/I (iv--i)!i! I. Thus. 0 will be given by: 

8= [(l+KL,)“-llj(l+KL,)“. (4) 

This expression for 0 is ,not a rectangular hyperbola, in contrast to the 
corresponding expression for 8,. which from equations (2) and (3) is simply given 
by 

llc = XKL,/( I + Kl,,). (5) 

The difference between the behaviour of 0 and 0,/S as a function of free ligand 
concentration is illustrated in Figure 1. The curves for &/LV are rectangular 
hyperbolas and, on a logarithmic scale for I +. exhibit the characteristic symmetry 
centred about the point &-/~l: = 0.5. Th e concentration of free ligand I,,,, for which 
$,/IL’ = #5, is independent. of n’ and, from equat,iott (5), is given by l/K. The curves 
for 8, on t’he other hand, are clearly asymmetric about the point, 0 = 0.5. and the 
value of L,, is dependent upon LV which. from equation (4), is given by: 

f  JSO = (“fi- I )/K. (6) 

In the case of non-specific binding of a protein to DNA, however, the binding site 
for the protein on the DNA will occupy 1 base-pairs. and each base-pair can act as 
the start of a binding site (McGhee & vote Hippel. 1974). Thus. initially when no 
protein molecule is bound there are (LV - I+ 1) binding sites available. where ;V is 
the total number of base-pairs. However. t>he maximum number of protein 
molecules that can bind to Dn’A is not (LV -I + 1) but S/l. Thus, Z is actually given 
by: 

E:quation (7) neglects the further complication that the average nutnber of binding 
sites available to bind say i = m protein molecules will be slightly less than 
(S -& + l), as there will exist states where the number of binding sites available to 
‘rn, protein tnolecules is less than (3 - ml+ I ) if two or more protein molecules are 
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FIN:. 1. Illustration of the difference in bahatiiour of 8 (given by eqn (4)) and 8,/N (given by eqn (5)) rts 
a function of the free ligand concentration (Lr) for the case of N independent non-overlapping sites of 
equal intrinsic affinity. 

In (a) curves for 0 are calculated for K = 500 M-I and N = 2. 10, 100 and 1000: these are shown as 
continuous lines and are lahelled O,, O,,, O,cO and 8iccc, respectively. Curves for 0,-/N are also shown in 
(a) for K = 500 M-‘. 1207 M-’ and 7.21 x lo5 Y-’ ; these are represented as broken lines and are labelled 
(i), (ii) and (iii), respectively. The curves for 0,-/N are rectangular hyperbolas and exhibit the 
characteristic symmetry centred about the point 8,-/N = 0.5. The curves for 0, on the other hand, are 
clearly not rectangular hyperbolas, and are asymmetric about the point 0 = 0.5. This is clearly 
illustrated in (b). where the curve for 0,/V calculated for K = 7.21 x lo5 Ki is subtracted from the 
curve for B calculated for K = 500 M-’ and A’ = 1000 (for these 2 curves the ligand concentration at 
which 0 = B&N = O-5 is identical and has a value of 1.387 x 10m6 M). 
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separated by a distance of less than I base-pairs (McGhee & VOII Hippel. 1974: 
Schellman. 1971: Schwarz. 1977 : Epstein. 1978). 

However. if S > 1000 and S + 1. which will usually be the ca.se rxperimentally. 
the expression for Z given by equation (3) in the case of non-overlapping sit’es and 
equation (7) in the case of overlapping sites both simplify t,o: 

(8) 

when truncated to degree 5 and making appropriate simplification for large values 
of S (S > 1000). which is sufficiently accurate for the analysis of equilibrium filter 
binding data? (note S is taken as the tot,al number of base-pairs per DSA 
molecule). 

It is clear that the affinity of the non-specific sit,es for a protein is unlikely to be 
homogeneous: rather it will be heterogeneous with a range of affinities. However. 
providing the range of affinities lies in the range 

.v 
K, < 1 Kj,‘lO. 

.I#’ 

Z will still be given by equation (8). taking K as the average association constant 
for the binding of a protein t,o any non-specific site, and the shape of the 
equilibrium filter binding curve will be identical t,o one where the affinity of the 
rloI1-specific sites for a protein is homogeneous. 

Non-specific binding of a prot,ein to DSA is frequently co-operative. To account 
for co-operativity. we define a co-operativity parameter z for interact,ion between 
adjacent sites in terms of a local co-operat,ivity parameter /I operating over a 
distance of m base-pairs from the occupied site such that : 

1 = W/(/r- 1 ). 

%. truncated to degree 5, is then given by: 

j=5 

i=5 ! n 12(j-l)z+X] KhI& 
Z=]f ~2z-.-__ ! 

(10) 
i=l i !  

The factor 2(j - 1) multiplying #I in equation (10) arises because each occupied site 
has two sets of adjacent sites, me set on either side. If  binding is non-co-operative. 
3~ = 0 and b = 1 : if binding is positively co-operative, ml > 0 and p > 1 : if binding is 
negatively co-operative. -j < n < 0 and 0 < /3 < 1. From equation (10) it is clear 
that the effect of co-operativity 011 the shape of the equilibrium filter binding curve 
will become apparent only when 2a > X/10. This is illustrated in Figure 2. 

t The corresponding polynomial for B(L,) is finite and convergent. By numerical computation. we tind 
that the ratio r(LF) = B,(L,)/B,+, (&), where m and m +i are the number of terms of the polynomial for 
2 included in the computation of B(L,), lies in the range 1431 > r > @99 for all values of L, when 1)~ 2 5. 
showing that truncation of the polynomial for 2 to degree 5 is sufficiently accuratp for the analysis of 
equilibrium filter binding data. 
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Fit:. 2. The effect of co-operativity on the shape of 8 as a function of the free ligand concentration (L, ) 
for t,he case of :V non-specific sites of equal intrinsic affinity. 

The cu~vcs for B(L,) are calculated using eqns (1) and (10). In (a) the effect on B(L,) of different values 
of the co-operativity parameter a at constant values of K and h’ are shown for K = 500 M ’ LV = 1000. 

and I = 0. 10 (curve a), 63.1 (curve b). 158 (curve c). 398 (curved). IO3 (curve e). 2.51 x 103 (curve f). 
6.31 x 103 (curve g), 1.58 x lo4 (curve h). 398 x lo4 (curve i). and lo5 (curve j). In (b) the effect on 6(L,) 
of different values of N at constant values of K and a are shown for K = 500 M -‘, J( = 104. and N = IO’ 
(curve a), 251 x 103 (curve b). 8-31 x lo3 (curve c). 158 x lo4 (curved). 398 x lo4 (curve e), lo5 (curve f) 
and 2.51 x lo5 (curve g). In (a) a curve for 8,-/X calculated using eqn (.5) for K = lo5 MC’ is shown for 
comparison (broken line). Looking at the curws for B(L,). it is clear that the effect of n on the shape of 
6(L,) becomes apparent only when 21 > N/10. 

(1)) Spec<fic hindi-hg %N thP pr~smcr of nowspec~fic hirzding 

When there exists on a piece of IIN,4 one specific site and S potential ~OII- 
specific sites. % truncated to degree 5 is given by: 

j=5 

i=5 
i 

n [2(j-l)2+X] 
%=I+ I’=1 

)(~++-~L;; (11) 

i=l i! 

where KS is the association constant for specific binding, K, the associat,iorl 
constant for nomspecific binding, and z the co-operativity parameter that applies 
to interactions between all adjacent sites. including the specific site. If. however. 
the interact,ions between adjacent non-specific sites are described by a co- 
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operativity parameter 0.r. and that between the specific site and its adjacent nom 

specific sites by a co-operatirity parameter, m2. 2 truncated to degree 5. will be 
given by : 

From equation (12) one cm deduce t’hat the effect of having ,~r # 7~~ will become 
manifest only if x2 < 1*r/2 or #x2 > 2~~. 

For the special case where oi = 0 and all the sites are rloll-overlappiIlg, % will be 
given exactly by the closed form expression: 

% = (1 + K&)(1 + K.&).“. (13) 

Equation (13) can also be used if the sit,es are overlapping and binding is IIOIMO- 

operative. providing S is large (-V > lOQ0) and S $ 1 (‘2’ is still taken as the total 
number of base-pairs per DSA molecule). From equations (1) and (13) a simple 
expression for KS. which is useful in a preliminary assessment of equilibrium filter 
binding data, may be obtained in terms of K, and L,, (the concentration of L, at’ 
e = 05): 

2 
I 

1 

Ks= (I+K,L,,i\;-’ z’ (‘1) 

For the special cases where KS $ SK, for equation (13). KS 9 XK,. “K, for 
equation (11) and KS 9 NK,, xlK,. a2K, for equation (12), 2 simplifies to 
(1 + KsLF), and the corresponding equation for 8 to a rectangular hyperbola; an 
example of this would be the binding of lac repressor to the lac operator as judged 
from the data of Riggs et al. (1970). 

The effect of the introduction of a specific site in t’hc presence of a large number 
of nonspecific sites on equilibrium filter binding curves is shown in Figure 3 for the 
rlon-co-operative case (1 = 0). For KS < SK,/lO. the equilibrium filt,er binding 
curves are unaffected by the presence of t,he specitic site and the curves will be 
identical to one with K, = 0. For KS > SK,/lO. the equilibrium filter binding 
curves become progressively less st,eep as K, increases. When KS > 100 iVKN. the 
equilibrium filter binding curves are described by a rectangular hyperbola. 

The extension of the theory to encompass more t’han a single specific sit,e is easily 
achieved. For example, if we consider the nonco-operative case with I = 0 in a 
system wit,h two specific sites with association constants KS1 and KS,, and .V non 
specific sites with an association constant K,. 2 will be given exactly in the case of 
rlon-overlapping sites by : 

% = (1 + KslL,)(l +Ks,L,)(l +K,L,)s. (15) 
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FIG:. 3. The effefect of a single specific site in the presence of A’ independent noll-specific sites of equal 
intrinsic affinitr on the shape of B as a function of the free ligand concentration L, for the case of noll-co- 
operative binding. 

The cures for @IiF) are calculated using eqns (1) and (11) for K, = 500 W', ,V = 1000. h = 0 and 
KS = 0 M.- I. itI4 .\I-‘. 251 x lo4 N-I (curve a), 6.31 x IO4 >I-’ (curve b). 1% x lo5 M-’ (curve c). 
3.98 x 105 M 1 (curved). lo6 M-’ (curve e). 2.51 x 106 M-’ (curve f). 6.31 x 106 AIF’ (curve g). 
1M x 10’ 1~~’ (curve h). and 3.98 x 10’ M-’ (curve i), A rectangular hyperbola calculated from 
6’ = K,L, /( 1 + K,L, ) for KS = 3.98 x 10’ M 1 is also shown for comparison (0). Looking at the curves for 
/?(I+-). it is clear that the effect on the introduction of a specific site on the shape of B(L,) becomes 
apparent only when KS > NKN/lO: when K, 9 A'K,. B(L,) is described by a rectangular hyperbola (see 
curve i (a)). 

3. Applications of the Theory of Equilibrium Filter Binding 
to Experimental Data 

In this se(+ion we provide two examples of the analysis of experimental 
equilibrium filter binding data based upon the theoretical framework developed in 
the previous section. and discuss the implications of the additional insight thus 
obtained on t’hese systems. 

(a) ,Vpc~fi~ and n,on-apec<jk bindkg of th,e EcoKl restriction en,donuclense to 

bacteriophage h DiVA 

Halford 8: .Johnson (1980) examined the binding of the EcoRI restriction 
endonuclease to three derivatives of bacteriopha.ge X using the nitrocellulose filter 
binding assay. The three derivatives of bacteriophage /\ were: X395(0) (lenpt,h 
41 kb). from which all EcoRT recognition sites have been removed: MOl(2) (length 
46 kb). which possesses only srI2 out of the five EcoRI recognition sites on wild- 
tgpe h I)NA; and A416(5) (length 41 kb), which carries only WI 5 (Davidson & 
Szybalski. 1971 : Murray & Murray. 1974). The equilibrium filter binding curves 
obtaining for the binding of EcoRI to h401(2) and h416(5) DSA were approximatel? 
hyperbolic. However. the curve for the binding of EcoRJ to X395(0) DXA exhibited 
a sigmoidal character and could be fitted to a second-order Adair equation. from 
which Halford & Johnson (1980) deduced that, whereas only one molecule of EcoRI 
hinds to each specific site, two molecules of EcoRI bind to each non-specific site. 
This postulated mechanism of noll-specific hinding of EcoRI to DR’A is not 
requirrd t.o atscount for t,he data, however. and the marked deviation from 
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hgperbolic behaviour for the binding of EcoRI to h395(0) DNA as monitored by the 
nitrocellulose filter binding assay is simply due t,o t,he fact that the form of the 
eyuilibrium filter binding curve for non-specific binding is given by equat,ions (1) 
and (10). Moreover. a second-order Adair equation is an equation for B&L,) 
(defined by eqn (2)) in a two-site system. and not, for B(L,) (defined by eqn (1)) in an 
S overlapping site system. Therefore, the use of a second-order Adair equation in 
fitting equilibrium filter binding data where the measured quantit,y is $(L,) is 
tot’ally inappropriate, and the parameters obtained have no physical meaning. 

In Figure 4. the data of Halford & Johnson (1980) are fitted simultaneously 1, 
norI-linear optimization using equations (1) and (10) for the binding of EcoRI to 
h395(0) DNA, and equations (1) and (11) for the binding of EcoRI to h401(2) and 
h416(5) D&A. Two calculations were performed: in both cases, the association 
constant K, for non-specific binding of EcoRI to X395(0). h401(2) and h416(5) DKA. 
the association KS, for specific binding of EcoRI to h401(2) DNA\. and the 
association constant KS, for specific binding of EcoRl to h-116(5) DXA were 
optimized: in one case, the co-operat,ivity parameter 1 was optimized. and in the 
other case. r was set t,o zero and binding assumed to be noI1-co-operatire. 111 both 
vases. the overall standard deviation of the fit is 3.5(& and the distribution of 
residuals is random. The values and standard deviations of the optimized 
parameters for bot,h cases are given in Table 1. With t,he exception of the CO- 
operativity parameter 1. the parameters are well-determined with relat.ive errors of 
less than lY!;, : 1, however. is det,erminrd only t,o within a factor of about 2. 
Moreover. t,he values obtained for K,. K,, and KS2 when 1 is optimized arr 
identical within the errors specified to those obtained when ‘1 = 0. We therefore 

L!?co RI1 CM) 

FIG. 4. Comparison of the experimental equilibrium nitrocellulose filter binding curves of Halford & 
Johnson (1980) for the binding of the E’coRI restriction endonuclease to h395(0) (m), h401(2) (A) and 
A416(5) (0) DNA with the theoretical equilibrium filter binding curves calculated using eqns (1). (10) 
and (11) with the best fit parameter values given in Table 1. 

The theoretical curves for non-co-operative binding (i.e. I = 0) are shown as continuous lines and for 
co-operative binding as broken lines. Eqns (1) and (10) were used for the binding of EcoRI to A395(0) 
DNA. which contains no specific recognition site, and eqns (1) and (11) for the binding of EcoRI to 
A401(2) and A416(5) DNA, which contain a single specific site, each in the presence of a large number of 
non-specific sites. All the experimental data were fitted simultaneously by non-linear optimization. A 
rectangular hyperbola given by 0, = K&/(1 + KL,) for K = 3.98 x 10s Mm’ is shown for comparison 
(dotted line). 
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TABLE 1 
Eqwilibriwn build&g parameters for the speci$c and non-specific interactions 

of the EcoRI restriction endonucbrase with Ij,VA4 
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Parameter 
Optimized value (+s I) ) 

(‘o-operative binding Sowco-operative binding 

K,(nl-‘) 6.29 x 103 ( k 0.6 x 1 03) 694 x IO3 (+03 x 10’) 
Ks,(M-‘) 1.07 x 109 (kO.1 x 109) 1.11 x109(+O~lx 109) 
&,(\I-‘) 5.61 x 10s (kO.7 x 10’) 5-53 x lo8 (+0,7 x 10s) 
1 6~6SX103(15X103) 0 
Overall s I, 
fit (o,,) 

3.6 3 ..5 

Pt 0.74 (14X 

Optimized values and standard deviations (s I) ) of the association constant K, for non-specific 
hirIding of EcoRI to A395(0) (41 kb). A401(2) (46 kb) and h416(5) (41 kb) DNA. the association con&ant 
KS, for specitic binding of BcoRI to h401(2) DNA, the association constant KS, for specific binding of 
EcoRI to h416(5) DNA, and the co-operativity parameter o. obtained by fitting all the experimental 
equilibrium filter binding data in Fig. 4 simultaneously using equations (1). (10) and (11). The overall 
s I) values of the tits and the mean absolute correlation indices (5 are also given. 

t The mean absolute correlation index c is given by: 

j, ) ,g, RJ(j~l RG)” IIn- 
,’ 

wherej identifies the independent variable (i.e. LF) point and i the data curve, R,, are the residuals. and 
I, the number of curves. For e < 1.0. the distribution of residuals is random; for cf & 1.0, there are 
systematic errors between observed and calculated curves (Clore & Chance. 197Ekz.6). 

conclude that the data are inadequate to determine whether binding of EcoRI to 
DX.4 is co-operative or not. This will require obtaining data for the binding of 
EcoRI to D-VA of lengths at least five to ten times shorter than that of /\395(0) 
11X.4. It, should also be noted that the equilibrium filter binding curves for the 
binding of EcoRI to h401(2) and /\416(5) DNA deviate slightly from rectangular 
hyperbolas for 0 > 0.5. Consequently. an estimate of the association constant K,, 
for specific binding obtained by taking Ksi - l/L,, will be slightly larger than t’hr 
true value of Ksi. The values of KS1 and KS, obtained in this manner by Halford & 
.Johnson (1980) are 1.6 x lo9 M-’ and 9.1 x 10’ M-‘, respectively. compared to the 
correct \:alues of 1.1 x lO’fO.1 x lo9 hi-’ and 5.6 x 10’ kO.7 x lo* M ’ given i)l 
Table I. Nevertheless. these small differences do riot, affect the genera.1 conclusions 
of Halford & ,Johrlson (1980) regarding specific binding of EcoRI to DIiA. 

(1,) Sprc{fic and rLon-specijc binding of L. casei dihydrofolatr reductasr to pU%)IrHI 
and pRR322 I)FA 

It has been demonstrated recently that L. casei dihpdrofolate reductase has 
affinity for double-stranded DNA (Grorlenborn di Davies. 1981). Gronenbortl et al. 
(1981) examined the binding of DHFRase alone and in its binary and bernarq 
complexes with folinic acid and SADPH to pBR322 DNA (length 4.36 kb: 
Sutcliffe. 1978) and pWDLcB1 DNA (length 7.26 kb). the latter differing from the 
former only in a 2.9 kb insert containing the DHFRase structural gene from a 
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methotrexate-resistant, L. casei strain (Davies 8r Gronenborn. 1982). and found that 
the equilibrium binding curves obtained could be grouped into three sets (see Fig. 5). 

(1) Those curves obtained for the binding of DHFRase alone or in the presence 
of folinic acid and/or XADPH (either as binary or ternary complexes) t,o pBR322 
DNA that have a value of L,, = 1.8 x lo-’ RI. 

(2) Those curves obtained for the binding of DHPRase alone and the DHPRase- 
NADPH binary complex to pWDLcB1 D1\‘X that have a value of 
I 150 = 8 x 10-s M. 

(3) Those curves obtained for the binding of DHFRaseefolinic acid and the 
DHFRase-folinic acid-NADPH complexes to pWDLcB1 DSA that have a value 
of I,,, = 1.2 x IO-’ M. 

Gronenbtrrn of al. (1981) inkrpreted t.hrir data in a qualitative manner as 
follows: on t,he assumption that the binding of DHFRase alone and in it,s 
complexes with folinic acid and NADPH to pBR322 DXA only reflect nonspecific 
binding, the observation that the corresponding filter binding curves are identical 
within experimental error, indicates that the affinity of the nonspecific &es foi 
DHFRase is unaffected by eit,her folinic acid or SADPH; thus the observations 
that t,he affinity of pWDLcB1 DPiA f  or DHFRase alone and the DHFRase 
NADPH complex is significantly greater than that, for the complexes with folink 
acid suggests that (1) DHFRase in the presence or absence of XAdDPH binds to a 
specific site on pWDLcB1 DNA at or near the DHFRase structural gene. and that 
(2) t.he affinity of the specific site for DHFRase is significantly reduced in the 
presence of folinic: acid. Gronenborn rt of. (1981) also suggested that the difference 
between t,he filter binding curves for the binding of the complexes of DHFRase 
with folinic acid t’o pWDLcB1 DNA and those for the binding of DHFRase alone 
and in its complexes with folinic acid and/or NADPH to pBR322 DKA could 
probably be accounted for by the slightly greater length of pWDLcB1 DNX 
relative to that of pBR322 DNA. 

-4 preliminary assessment of the above hypothesis may be made by calculat,ing 
the value of the apparent association constant Kapp for the binding of DHFRase to 
DSA from t#he values of I,,,, assuming non-co-operative binding using equation (6). 
The first) set of curves for the binding of DHFRase and the DHFRaseeNADPH, 
DHFRasefolinic acid. and DHFRase-folinic acid-NADPH complexes to pBR322 
D.N.4 yields a value of Kapp of 880 M - ’ . t.he second set of curves for the binding of . 
DHFRase and the DHFRaseNADPH complex to pWDLcB1 DK\‘A yields a value 
of Kapp of 1200 JI - i : and the third set of curves for the binding of the DHFRase- 
folinic acid and DHFRase-folinic acid-NADPH complexes to pWDLrB1 DK;X 
yields a value of Kapp of 800 M- ‘. Clearly. the value of Kapp for the first and t,hird 
set,s of equilibrium filter binding curves are identical within experimental error. 
Thus. the difference between the first and t,hird set’ of equilibrium filter binding 
curves can be accounted for purely on the basis of the different lengths of pBR322 
and pWDLcB1 Dh’A. The value of Kapp. however. for the second set, of equilibrium 
filter binding curves is significantly different from that, for the other t,wo sets. This 
difference can be accounted for only bp the presence of a site(s) of significantly 
higher affinity than that of the other nonspecific sites. If  we assume that only a 
single specific sit,e of higher affinity is involved as proposed above. an estimate of 



EQUILIBRIUM BINDING OF PROTEINS TO DNA 

[DHFR) (M) 
(0) 

r 

lO-g 10-e 10-7 10-6 10-5 

[DHFRI (M) 

(b) 

FIG:. 5. C”ompariaorl of the experimental equilibrium filter bmding curves determined by Gronenborn rf 
al. (1981) for the binding of L. ulsei DHFRase to DXA from plasmids pBR322 and pWDLcB1, the latter 
differing from the former in a 2S kh insert containing the DHFRase structura1 gene from a 
methotrexate-resistant L. casei strain. with the theoretical equilibrium filter binding curves calculated 
using eqns (1). (10) and (11) with the best fit parameter values given in Table 1. 

The experimental curves are shown as: curve i, binding of DHFRase alone (0) and the DHFRase- 
NADPH (0). DHFRase-folinic acid (A) and DHFRase-folinic acid-NADPH (+) complexes to 
pBR322 DNA: curve ii, binding of DHFRaae alone (0) and the DHFRase-NADPH complex (m) to 
pWDLcB1 DNA; curve iii, binding of the DHFRase-folinic acid (A) and the DHFRase-folinic acid- 
NADPH (0) complexes to pWDLcB1 DNA. The symbols are the means of the actual data pomts 
obtained from 3 separate experiments. The best fit theoretical curves obtained bv fitting all the 
experimental data simultaneously using eqns (1). (10) and (11) with co-operative binding are shown in 
(a) as continuous lines and with non-co-operative binding (i.e. ol = 0) in (b) as broken lines. The values of 
the parameters used to calculate the best fit theoretical curves are given in Table 2. The best fit 
theoretical curves (curves i and iii) are calculated for non-specific binding of DHFRase to 436 and 
7.26 kb lengths of DNA, respectively ; curve ii is calculated for specific binding to a single site and nor,- 
specific binding of DHFRase to a 7.26 kb length of DNA. (b) A rectangular hyperbola given b> 
8, = KL,/( If KL,) is shown for comparison with a value of K = 588 x IO6 M- ’ (dotted line). 

21 
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the association con&ant KS, for the binding of DHFRase alone and the DH FRase 
NADPH complex to this site may be obtained using equation (14). Taking a value 
of MO >I- ’ for K, (the mean of the values of Kapp obtained for the first and third 
set,s of equilibrium filter binding curves). we obtain a value of 2.9 x 1 O6 RI- ’ for K,, 

A more rigorous assessment of the equilibrium filter binding data presented in 
Figure 5 requires a least-squares analysis in whicbh all the experimental data arc> 
fibted simultaneously using equations (1 ). (10) and (I I ). Initially. we optimized foul 
parameters : the association constant K, for nowspwitic binding of DHFRasr 
alone and in its ternary complexes with folinic acid and SADPH to pBR322 and 
pD’I)L~Rl DS.4 : t’he association constant, K,, for the binding of DHFRase alone 
and the I)H FKasePSAI>PH complex to the specific sit.e on pWT)LvHI I)SA: the 
association constant KS, for t,he binding of t,he DHFRasefolinic acid and t,he 
1)HFRase~folinic ac&NAUPH complexes to t,he specific site on pWDLcK1 I)r\‘A : 
and t>hc co-operatirity paramet,er. 1. for the int,eractions between adjacent sites. All 
the parameters were well-determined. with relative errors of less than 2OQ,. except 
for the association constant K,,. which was ill-det,crmined. Thus. as expect’ed from 
our preliminary assessment of the data. t,he equilibrium filter binding curves for t,he 
binding of I)H FRascPfolinic acid and DH FRase-folinic acid- SAI)PH complexes 
to p\VI)LcHl I>NX cati be accounted for soleI>- by the increased length of 
p\l’L)Lc~Hl DNA4 relative to pRR322 DSA4. indicating t,hat KS, < SpWD,~cB1 K,/lO. 
111 t.he suhseclurnt oJ)timization. all terms containing KS, were neglected. and the 
Iwameters K,. K,, and 1 \vcre oJ6mized. Gl’e also cbarried out. OIK~ further 
calculatiorl. in which z \vas set. equal to zero (i.e. no co-operativity) and K, and KS, 
wertb optimized. The o\.erall standard dwiat,ion of t,he fit,s. the mean absolute 
correlation indices CT (a measure of the distribution of residua,ls), and the values and 
standard deviations of the optimized parameters are given in Table 2. The best, fit 
theoret~ical curves for co-operative and norI-ho-oJ)erati~~~ binding are shoun in 
Figrlre ,5(a) and (1)). respectively. From both Figure 5 and Table 2. it is cslear that 
t)he binding of DHFRase to DSA is a posit,ively w-operative process. as there are 
clear systematic errors for the theoreticsal curves wit,h 1 = 0. It is also interesting 
that the optimized values of KS, for the co-o])(brativr and Iloil-c.o-operative cases 
alld the value of K,, obt,ained in t,he preliminary wdculat~ion are all identival within 
a. relative error of 10”,,. 

The aho\-e da.ta and analysis demonstrate the following four points. 
(1 ) I)H FRase a.lone and its binary and ternary complexes wit.h folinic avid and 

X.4 I)YH L)ind nowspecifically to T)SX with an association constant K, of 509 .\I- ’ 
(2) I)H FRase alone and the 1)HFRasr -N.iDPH comJ)lex bind to a specific site 

at, or Ilear the DHFRase structural gene on pWT)LcKl I)?\‘A with an association 
constant KS, of 3.66 x 106 M- ‘. The ratio of the association constant for specific 
(K,, ) to non-specific (KN) binding is of the order of 7 x 103, corresponding t,o a 
difference in the free energy of binding of about 22 k,J mol - ‘. 

(3) In the presence of folmir acid, the association constant for specific binding is 
reduced to a value below SpWDLcB1. K&O - 3.7 x JO5 M-l. such that the 
equilibrium filt,er binding for the binding of DHFRase-folinic acid and I>H FRasr- 
folinic acid-SAI)I’H complexes t.o pWDLcH1 I)EX can be accounted for simply by 
t.hc increa.srd Iengt,h of pWI~LcJ31 T>T\‘.A relat,ivt: t,o pRR322 DNA. 
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‘rABLR :!  

Equilibrium, binding parameters for the specijc and non-speci,fc interactions 
of L. casei dihydrofolate reductase with DLVA 

Co-operative Xon-co-operative 

binding binding (x = 0) 

3.66 x 106 ( f 0.4 x 106) 3~30x106(f05x10~) 
599x102(+O~3x10*) 8.47 x lo* (kO.3 x 102) 
5Qo x 103 ( + 0.5 x 103) 0 

5.8 69 
046 1.8 

Values of the optimized parameters, overall standard deviation (S u.) of the fits and mean absolute 
rorrelation indices (P), obtained by fitting all the experimental equilibrium filter binding data for the 
binding of L. enspi DHFRase to pBR322 (436 kb) and pWDLcB1 (726 kb) DNA in Fig. 5 
simultaneously using equations (l), (10) and (11). (The s I) values ofthe optimized parameters are shown 
in parentheses.) 

t Ksl is the association constant for specific binding of DHFRase alone and the DHFRase-NADPH 
complex to a site at or near the DHFRase structural gene (from a methotrexate-resistant strain of 
I,. cnspi) in the plasmid pWDLcB1. K, is the association constant for non-specific binding of DHFRasr 
alone and the DH FRase-NADPH, DHFRase-folinic acid and DHFRase-folinic acid-NADPH 
complexes to DSA. 

: It will be noted that the co-operativity parameter a applies to all interactions involving adjacent 
sites, including the specific site. In our preliminary optimizations. we used 2 separate co-operativit) 
parameters. %1 to describe interactions between adjacent and non-specific sites, and a1 for interactions 
between the specific site and its adjacent non-specific sites (see eqn (12)). However. although the 
optimized value of CX~ was approximately 50% greater than that of x1. a1 was determined only to within 
a. factor of 10. We therefore concluded that the experimental data could not discriminate between these 
interactions. Thus. in all subsequent calculations, we made no distinction between t.hese interactions 
and used only a single co-operativity parameter, x, to describe them. 

5 The overall standard error of the data is 6.0+0.5°/0. 
11 The mean absolute correlation index C? is defined in the footnote to Table 1. 

(4) Binding of DHFRase alone and its binary and ternary complexes with folinic 
acid and NADYH to DNA is positively co-operative, involving interactions 
between adjacent sites (including the specific site). The optimized value of the co- 
operativity parameter c1 is 5.0 x 103. ITsing equation (9). one can estimate that the 
value for the local co-operativity parameter /3 lies between 330 and 500 on the 
assumption that co-operativity extends only to the two contiguous sites on eit.het 
side of the specific site, and that the length of each binding site for DHFRase on 
DNA lies in the range of 10 to 15 base-pairs (which would be expected on the basis 
of the DHFRase molecular dimensions of 37 A x 30 A x 45 a: D. A. Matthews. 
personal communication). This range of values for p lies within the range of values 
for the co-operativity parameter w for contiguous binding, as defined by McGhee & 
von Hippel (1974), reported for other DNA binding proteins (Saxe & Revzin. 1979 : 
Takahashi et (~1.. 1979; Newport et al.. 1981). 

(c) Ge7zeral comments 

r\ particularly important point in the analysis of equilibrium binding data is to 
fit the data to a physically meaningful model. For example? if one were to deasurt) 

the number of moles of protein bound per mole of DNA, &(L,), as a function of the 
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free protein concentration L,, in a system with only two non-overlapping binding 
sites 011 the DSA, 0,(L,) would be given appropriately by a second-order Adair 
equation. Tf, on the other hand, one were to measure the fraction. 0. of DNA t,o 
which at least one protein molecule is bound as a function of L,. in a system wit,h ,V 
overlapping non-specific sites on the DSA. it would be totally inappropriate Tao use 
a second or higher-order Sdair equation to fit the data. even though they may be 
able to fit the data perfectly satisfactorily. as the parameters obtained would he 
physically meaningless. Moreover. if one considered not a single equilibrium 
binding curve of 0 WKSIIS I,, for this system. but a, set of such equilibrium binding 
curves obtained using the same prot’ein but different, lengths of DXA. all the 
equilibrium binding curves could be fitted simultaneously using the appropriate 
equation for B(L,) (eqns (1) and (10)) using a single parameter if non-specific 
binding is non-co-operative and two parameters if nott-specific binding is co- 
operative. If. however, a second or higher-order Adair equation was used t’o fit, the 
same data set. each equilibrium binding curve could be fit,ted only individually, and 
t,wo or more parameters would be required per curve. This is illustrated by t,he t,wo 
examples in Figures 4 and 5. Ttt bot’h cases. each equilibrium binding (burve can 
indeed be fitted individually by a second-order Adair equation yielding two 
physically meaningless parameters per curve. However, using the appropriate 
equations for B(L,) (eqns (1) and (IO) for non-specific binding and eqns (1) and (11) 
for specific binding), only three parameters are required to fit the t)hree equilibriutn 
binding curves in Figure 4. namely: the association constant K, for non-specifics 
binding of EcoRI to A395(0). h401(2) and h-116(5) DNA. the association constant K,, 
for specific binding of EcoRI to h401(2) DNA and the association constant’ K,, for 
specific binding of EcoRI to h416(5) DNA. Similarly. in the case of the three sets of 
equilibrium binding curves in Figure 5. only three parameters are required to fit all 
t’he data simultaneously : namely, t,he association constant K, for nott-specific 
binding of DHFRase alone and in its complexes with folinic acid and/or NADPH to 
Dl;A from the two plasmids pBR322 and pWDLcB1. the association constant, K,, 
for specific binding of DHFRase alone and in its complex wit,h SADPH to a specific 
site on pWDLcR1 DNA, and the co-operativity parameter ‘1. 

B second important point in the analysis of equilibriutn binding curves for 0 
7~~7~s L, concerns the approach required to detect specific binding. It will be noted. 
looking at Figure 3, that the effect of introducing a specific site on the shape of 
B(L,) is simply to reduce its steepness. As a result. it will usually be possible to fit 
such a curve using equations (1) and (10) for nott-specific binding by optimizing 
both the association constant K, for nott-specific binding and the co-operativit’> 
parameter IX (which may be negative). It is therefore absolutely essential to obtain 
data for 8 versus L, using DNA where there is no specific binding site and only no~t- 
specific binding occurs, and comparing this equilibrium binding curve with that 
obtained using DSA with the putative specific site. I f  the two equilibrium binding 
curves cannot be fitted using equations (1) and (10) for non-specific binding with a 
single set of two parameters. K, and r, then the presence of a spec,itic site can be 
inferred. The two equilibrium binding curves should then be fitted simultaneousI> 
using equations (1) and (10) for the curve where only nott-specific binding occurs. 
and equations (1) and (11) for the curve where both specific and non-specific 
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hinding occur. by optimizing three parameters. K,. 1 and the association constant 
K, for specific binding. The advantage of fitting bot’h equilibrium binding curves 
simultaneously is that they both contain information on non-specific binding. so 
that’ the parameters describing non-specific bittding, K, and 3, can be better 
determined. If  the equilibrium binding curves were fitted individually, it would be 
necessary first to obtain values of K, and n bg fitting the equilibrium binding curve 
where only non-specific binding is involved using equations (1) and (10). A value for 
KS would then be obtained by fitting the equilibrium binding curve ittvolving 
specific and non-specific binding using equatiotts (1) and (11 ), and optimizing h’, 
while holding K, and 1 constantS at their values obtained previously. This is 
because thf equilibrium binding curve involving both specific and non-specific* 
hindittg cannot by itself determine all three parameters KS. K, attd n. whereas thca 
two equilibrium binding curves taken t,ogether can. 

4. Discussion 

In this paper we have developed the theoretical framework required for tht> 
analysis of equilibrium binding da,ta obtained by any method that monitors the 
fraction. 0, of D,II’X to which at least one protein molecule is bouttd. as a function of 
the free protein concentration L,. The two met’hods that measure O(L,) are the 
well-known nitrocellulose filter binding assay (Riggs et ul., 1970: Hinkle K- 
(‘hamberlin. 1972) and the more recent immunoprecipitation assay (McKay. 19X1). 
The theoretical framework is simple, and expressions for QL,) are very easy t,o 
derive and evaluate. The cases considered explicit’ly in this paper for which 
c~xpressioris for 19(l,,) are given. are the co-operative and nott-co-operative 
cyuilibrium binding of a protein to a large number of non-specific sites and to a 
spwific &e(s) in the presence of a large number of non-specific sites. The ease with 
which the theory is applied to the analysis of experimental nitrocellulose filter 

binding data is illustrated in section 3 of this paper for the binding of the EcoRI 
restriction endonuclease both non-specifically and to specific recognition sites on 
ha&eriophagc h DXA. and for the co-operative bittding of the enzyme 
dihydrofola,te rednctase both non-specifically to DNA and to a specific site at or 

near its own structural gene. 
A4 number of questions. both of a theoretical and a practical nat,ure. concerning 

the use of methods that measure the quantity 0 as a fmiction of the free prot,eitt 
c~oncetttratiott IL,. compared to methods that measure the number of moles of 
protein hound ptar mole of DNA, &(I,,) as a function of L,, immediately cotne to 
mind. and are considered below. 

(a) Son-sprc~"c hinditbg 

Most studies in the literature concerning non-specific binding of proteins to DNA 
have used methods that measure the quantity O&C,) (see e.g. Revzin & van Hippel. 
1977 : Butler et nl., 1977; de Haseth et nl., 1977 ; Saxe 8: Rerzin. 1979; Takahashi rt 
N/., 1979: Srwport et al., 1981). Analysis of such data requires the use of one of the 
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formalisms to deal with the problem of overlapping sites (McGhee Xr von Hippel, 
1974: Schellman, 1974; Schwarz, 1977: Epstein, 1978). As a consequence, three 
major theoretical disadvantages of measuring B&5,) emerge. 

(1) In all the formalisms developed, & is an implicit variable appearing on both 
the right and left-hand side of the equations (e.g. see eqn (15) of McGhee & van 
Hippel, 1974). As a result,, a direct solution of O,(L,) as a function of L, requires an 
iterative method, which is necessarily complex. The procedure that has been used 
in the literature to circumvent this problem is one in which Bc is treat,ed as an 
independent variable and the quantity l&/I + calculated. That is to say. the data 
are manipulated into the Scatchard plot formalism. The disadvantages of such an 
approach are obvious ; namely, the introduction of large errors on both the abscissa 
and ordinate. Moreover, as regards least-squares fitting procedures, the Scatchard 
treatment is strictly speaking illegitimate. because & is not an independent’ 
variable but an experimental dependent variable. which varies as a function of the 
independent variable L,. 

(2) The equations for f$-/L, contain three unknowns : the association constant K. 
the site size 1, and the co-operativity parameter W. However, because of the 
overlapping site problem, r! and w are necessarily correlated. and consequently it’ is 
difficult to determine all three parameters accurately. 

(3) The treatment of the co-operativity paramet,er w is model dependent. Thus. 
in the formalism of McGhee & van Hippel (1974), w applies only t,o interactions 
between contiguous sites. 

The theoretical advantages of measuring the quantity B(L,) over measuring the 
quantity 8&r) now become obvious. 

(1) For large values of N( > 1000) and LV $ 1. the overlap problem is completely 
avoided because 6) will have a value of > 0.99 for very small values of BC (2 5). 
Consequently. 0 may be calculated explicitly in terms of L, and no data 
manipulation of the Scatchard type is required. 

(2) The equations for 6’ (see eqns (1) and (10)) contain only two unknowns: the 
association constant K and the co-operat’ivity parameter 2. 

(3) The co-operativity parameter n is essentially model independent and is also 
independent of the site size 1. From ‘1. a local co-operativity parameter /3 may be 
evaluated (see eqn (9)) if the distance nl in base-pairs over which the cooperative 
process operates is known by independent means. m may not necessarily coincide 
with the site size 1. If, however, one assumes t’hat m = 2. the co-operativit,y 
parameter /3 is equivalent to the co-operativity parameter w of McGhee & van 

Hippel (1974). 
The disadvantage in measuring 19(l),) is that the site size 1 cannot be determined. 
From a practical point of view. t,here are no particular advantages or 

disadvantages in measuring B(L,) rather than O,(L,), as the methods for measuring 
both B(L,) and O,(L,) are both relatively easy. Suffice it to say that if a, distinct, 
change in the optical absorption or fluorescence properties of the protein under 
consideration occur on binding to DNA. then the measurement of B,(L,) is 
significantly faster than that of O(L,). However, if such changes do not occur. and 
one has to resort either to equilibrium sedimentation (,Jensen & VOII Hippel. 1977 : 
Revzin 8: rm Hippel. 1977) or gel filtration (de Haseth rf nl.. 1977) met,hods to 
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measure &(L,). then the measurement of B(L,) is significantly faster than that of 

h(b). 

I f  binding is norl-co-operat,ive, 19~: for the binding of a protein to J: independent 
specific sites with association constants K,i in the presence of X independent no11- 
specific sites of equal int)rinsic affinity. each wit’h an associat’ion constant K,. will 
Iw gi\-en by: 

at low saturation levels under conditions where ,V is large (-Y > 1000) and X $ I. 
Prom equation (16) it is clear that providing Ksi > SK&O. binding to the ith 
specific site can be detected, providing an experimental method of very high 
sensitivity is used. This invariably involves a method in which the protein is 
radioactively labelled. Analogous methods for looking at the binding of small 
radiolabelled agonists t,o receptors in subcellular fractions have been used with 
great SLICWSS (Birdsall Br Hulme, 1976: Hulme et nl.. 197X: Birdsall et nl., 1980). 
However. in these cases. norl-specific binding of t)he radiolabelled l&and is 
invariablg nor]-co-operative. III the case of protein-DNA interactions, however. 
noti-specific binding is frequently co-operat,ive (Takahashi et ul., 1979; Saxe k 
Revzin, 197!): Sewport rt nl., 1981 : and section 3 of this paper) and, in such cases. 
equation (16) will only hold if. in the formalism developed in this paper. 
K, $ %tKN. If t)his condition is not) fulfilled, the equations for &(L,) become 
c~xcccdinply complicated, even when appropriate approximations are made for 
c*ondit,ions of 10~. saturation (fJ, < 5). making the analysis of experiment’al dat,a 
extremely difficult. In contrast. the introduction of a specific site(s) in t,he 
t~quations for B(L,) is easy to derive and evaluate whether binding is co-operative or 
not. and dors riot, in any way complicate the analysis of the data. 

In addit#ion to the above theoretical advantage, the measurement of B(L,) also 
caarrics an tAxperimenta1 advantage. The measurement of B(L,) only requires 
radioactive end-labelling of DNA pieces with 32P. this can cause only a very minor . 
1)erturbation in the structure and properties of the DNA. The measurement of 
B,(L,). ho\\.t~vt~r. requires radioactive labelling of the protein. which could 
pot)entially cause a more extensive perturbation in the st)ructure and properties of 
the 1)rotrin a,nd. in particular. ma?; affect’ t,he DSA binding site on t,hc protein. 

1V(. t,hank Sir Amold Burgrn and T)r (Z. (‘. K. Rohrrt,s for helpful discussions. 
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